The curvature of an airfoil has a significant effect on the generated aerodynamic forces. Researchers have long pursued continuous changes to airfoil camber as an alternative to discrete trailing edge flaps with the potential to significantly reduce drag. The critical components of such morphing structures are mainly the compliant internal structure and an anisotropic skin, both of which have to be stiff to withstand the aerodynamic loads and flexible to enable the morphing deformations. In terms of the internal structure, the investigated design employs a variation of the biologically inspired compliant structure known as the FishBAC to create large continuous changes in airfoil camber and section aerodynamic properties. In terms of the skin, the highly anisotropic behavior of composite corrugated panels is very effective in morphing wing applications where the panels are stiff along the corrugations to withstand the aerodynamic loads and flexible transverse to the corrugations to allow deformation. Recently, the static behaviour of composite corrugated panels has been investigated independently of the internal wing structure through experimental analysis, numerical simulations and analytical equivalent modelling. However, as a proposed candidate for the skin of a morphing wing, the behaviour of these corrugated panels must be investigated comprehensively and optimized in terms of aeroelastic effects and the boundary conditions arising from the internal wing structure. In this paper, the geometric parameters of the coated composite corrugated panels are optimized to minimize the in-plane stiffness and the weight of the skin and to maximize the flexural out-of-plane stiffness of the corrugated skin. The effect of the stringers of the FishBAC as the boundary conditions for the elastomer coated corrugated panel is considered in the optimization process. A finite element code for thin beam elements is used with the aggregate Newton based method to optimize the geometric parameters of the coated corrugated panel.
I. Introduction
o date there have been a number of research projects investigating active camber morphing airfoils. The many different concepts explored over the last several decades have been summarized in several review papers [1] [2] [3] . As mentioned in the literature, the control authority of the morphing mechanism must be substantial. The primary motivation for the use of a given morphing technology must be that it can radically alter the performance of the wing. Without a significant impact on the net aerodynamic performance, it is very hard to justify the added weight, complexity, and cost of morphing systems, and they are therefore not likely to come to fruition. Moreover, it is of necessity that the morphing design be as simple as possible. The simplicity of the design would result in rapid reduction of the cost, minimization of the use of mechanical elements, and potentially a reduction in the weight of the mechanism. Avoiding design complexity decreases the maintenance requirements as well.
The FishBAC [4] has considered these design criteria by combining several different structural aspects into a single concise design concept and hence FishBAC is selected as the internal structure of the wing. Figure 1 shows the baseline FishBAC concept built around an anisotropic compliant structural core. The baseline design uses a pretensioned elastomeric matrix composite skin. Continuous bending deflections are driven by a high stiffness, nonbackdrivable, antagonistic tendon system. This paper considers the same basic morphing concept with the elastomeric coated corrugated skin. Figure 1 The baseline FishBAC concept [4] Composite corrugated panels are subdivision of sandwich structures that have have been used for a long time in applications where low weight is important, such as packaging, civil, naval, automotive and aerospace industries due to their low mass to stiffness ratio and high impact absorption capacity [5] [6] [7] [8] [9] . But in addition to these properties, the corrugated panels have exceedingly anisotropic behaviour. They are stiff along the corrugation direction, but flexible in the transverse direction. For this reason, composite corrugated panels have been proposed as a candidate for application in morphing wings [10] . This is due to the fact that wing structures must be stiff so as to withstand bending due to aerodynamic forces, and flexible so they can deform efficiently in flight. Another advantage of using sandwich structures (made of metals or composites) with corrugated cores is that they have high fatigue resistance. Moreover, composite corrugated panels decrease the number of parts used in a wing structure which increases the speed of assembly and reduces the manufacturing costs [11] .
Recently a number of investigations have been performed by Dayyani et al. [12, 13] on the mechanical behaviour of composite corrugated cores with and without elastomeric coating for morphing skin applications. They showed that the optimal design of these structures required high-fidelity models of the panels that would be incorporated into multi-disciplinary system models. They considered the nonlinear effects due to the material properties and mechanism of deformation and studied the mechanical behaviour of composite corrugated laminates with and without elastomeric coatings by means of experimental, numerical and analytical investigations. The importance of their work was that it provided detailed experimental and numerical models of the panel that could be used for further static and dynamic homogenization and optimization studies. The authors [14] continued on this path and proposed equivalent structural models that retain the dependence on the geometric parameters of the coated corrugated panels. They presented two analytical solutions to calculate the equivalent tensile and bending flexural properties of a coated composite corrugated core in the longitudinal and transverse directions and verified the accuracy and efficiency of the presented equivalent model by investigating different experimental and numerical models. Figure 2 shows a schematic of the application of the coated corrugated core on the FishBAC internal wing structure. In this paper the best corrugation configuration for the morphing skin application is identified and then optimized in terms of three objective functions: the mass of the skin, the tensile in-plane stiffness and the flexural out-of-plane stiffness. To calculate the equivalent tensile and flexural stiffness of the corrugated panels a finite element code for beam elements was written in MATLAB. The aggregate Newton based method was used to perform the multiobjective optimization for different configurations of FishBAC stringers and corrugated unit cells. The results show the optimal space for the design of the FishBAC with a corrugated skin.
II. Problem Definition
Considering the application of a corrugated panel for the morphing skin, the first question to be answered is which corrugation shape has more out-of-plane and less in-plane stiffness. These stiffnesses are important because higher out-of-plane stiffness of the skin results in smaller bending deformation under aerodynamic loading. Moreover this increases the buckling stiffness of the skin, when the skin is subjected to compression due to morphing actuation. In other words the higher out-of-plane stiffness of the skin results in a smoother surface of the wing during flight. In contrast to the out-of-plane stiffness, minimizing the in-plane stiffness results in less resistance of the skin to actuation of the morphing FishBAC deformations, thereby reducing the force and energy requirements. Investigating the effect of the various corrugation shapes on the balance of these two stiffness and selecting the proper corrugation shape is a necessary step before starting the optimization.
A. Choosing the best corrugation shape
To find the optimum corrugation shape that has high out-of-plane stiffness and low in-plane stiffness, three typical configurations are selected as shown in Fig.3 . The sinusoidal corrugation shape is not included since the interaction between the elastomer coating and corrugated core is a line contact rather than a surface contact. In other words the effective area for adhesion is minimal in this case which is the main disadvantage of this configuration when the local shearing stress between the elastomeric coating and corrugated core is considered. In this initial study the portion of the elastomer coating which overlaps the corrugation is neglected since the ratio of elastomer Young's modulus to composite core material Young's modulus is very small [13] . The composite corrugated core is highlighted as orange and the elastomeric coating as purple. Table 1 presents the values corresponding to parameters of the three corrugation configurations of Fig. 3 . The thickness of the corrugated core and elastomeric coatings and the width of the panel for all cases were 1mm, 0.8mm and 25mm respectively. Glass fiber and elastomer with Young's modulus of 4.5 GPa and 13 MPa were considered for the corrugated core and coatings respectively. More details are presented in the literature [13] . Two sets of boundary conditions were applied to each model. In the first set, all degrees of freedom of one end of the panel were fixed whereas a displacement boundary condition of 200 mm in the out-of-plane direction was applied to the other end of the panel, to simulate cantilever bending. In the second set, all degrees of freedom of one end of the panel were fixed, and a displacement boundary condition of 100 mm for the in-plane displacement was applied to the other end of the panel, to give a simple tensile test. In all cases a fine mesh of beam elements was used. Figure 4 shows the force displacement curves for reentrant, rectangular and trapezoidal corrugated cores with and without elastomeric coating. The interesting point in Fig. 4 is that although the uncoated trapezoidal corrugated core has maximum tensile and bending stiffness, adding the elastomeric coating to the corrugated core results in minimum bending and tensile stiffness in contrast to other configurations. This story is reversed for the reentrant corrugation shape.
Considering the mechanism of deformation in the corrugated core, applying a tensile boundary condition to the reentrant corrugated core results in deformations that change the reentrant corrugation pattern to a rectangular and then to a trapezoidal configuration. Moreover the presented analytical solutions for tensile and bending stiffness of the uncoated corrugated cores [12] revealed that, with a fixed length of unit cell, the unit cell with smaller  , as illustrated in Fig. 3(c) , has a more flattened shape and therefore has increased tensile and bending stiffness. Therefore the uncoated trapezoidal corrugation has more stiffness compared to the uncoated rectangular and reentrant corrugations. But adding the elastomeric coating to the corrugated core, reverses the order of each configuration stiffness. This is due to the fact that the gap between two adjacent corners of a unit cell of a reentrant corrugated core is smaller than it is for the rectangular and trapezoidal corrugations and hence there is less available elastomer length to strain, resulting in higher elastomer strains to achieve a given global skin strain and an increase in stiffness. 
B. Finite element analysis
After selecting the best configuration for the corrugation, a finite element code for beam elements was generated in MATLAB that calculates the equivalent tensile, flexural stiffness and the mass of a coated trapezoidal corrugated core with 4 unit cells. 
C. Multi objective optimization
The multi objective optimization was performed using a weighted-sum method to minimize the three objectives:
equivalent tensile stiffness eq EA , inverse of the equivalent flexural stiffness 1 eq EI and the mass of the skin. The multiple objectives are combined into one single-objective scalar function in this method. In more detail, the weighted-sum method minimizes a positively weighted convex sum of the three objectives. This approach represents a new optimization problem with a unique objective function. In this paper this optimization problem with a single objective function is solved by use of the Newton based method. Since the solutions of this optimization problem can vary significantly as the weighting coefficients change, and because very little is usually known about choosing these coefficients, it is necessary to solve the same problem for many different values of these weights. Hence the weights were considered to vary from 0.01 to 0.99 in increments of 0.01.
Based on the geometry of the FishBAC, which is illustrated in Fig. 6 , the morphing length morph l , between the rigid leading edge and rigid trailing edge, was fixed as 160mm, which is 52% of the chord length. 6 and is used as the upper bound for the height of the corrugated unit cell. The materials for the core and the elastomer are selected from the literature with the density and Young's modulus presented in Table 2 , which correspond to glass fiber and elastomer. Table 3 shows the geometrical parameters of a coated corrugated core and their corresponding upper bounds and lower bounds. The parameter hu L represents the length of half of the unit cell and may be calculated as:
The focus of this paper is the optimization of the geometrical parameters of the structure. However it may be necessary to perform a full optimization of both geometry and material properties of the coated corrugated panel for the design of these structures. The full optimization solution requires an expression to relate the Young's modulus and density of materials. Usually materials with higher Young's modulus have higher density and a database could be used to select a material from a number of candidates. On the other hand, considering the development of technology in material engineering, it is probable to have new materials with higher Young's modulus and lower density, which is beyond the scope of this paper. 
Selecting the upper bound and lower bound for the thickness of both the corrugated core and elastomeric coatings was based on two important constraints, especially when the size of corrugation is very small. First, due to the structural analysis method used, the thickness must be selected to be consistent with the theory of thin beams. Second, considering the radius of curvature in the corners of the corrugation unit cell that would be present in a manufactured specimen, the ratio of thickness to length of the smallest element of the corrugated unit cell must ensure that the geometry of the unit cell be compatible with a trapezoidal configuration. Likewise the upper bound and lower bound for 1 a , 2 a , 3 a were selected to be consistent with the geometry of a trapezoidal shape.
Considering the application of the corrugated panel for a morphing skin, the height of the corrugated unit cell is dependent on the external parameter rt l which is the maximum size that the height of the panel can be. The only explicit constraint of the optimization problem was 1
, where hu L is implicitly fixed by the number of FishBAC stringers and corrugation unit cells. To ensure the best conditioning of the optimization scheme all the parameters are normalized as follows:
III. Discussion and Results
The results were obtained for different numbers of FishBAC stringers and corrugation unit cells between two adjacent stringers. These different configurations are tabulated in Table 4 . Note that increasing the number of stringers reduces the range of the number of unit cells obtainable due to the 5 mm minimum length restriction discussed in Section 2-3. Moreover, the best compromise point of this configuration is illustrated in Fig. 7 . The best compromise point was selected by first identifying an ideal reference point as the coordinates of minimum objective values, i.e:
. Then the point that had minimum distance to the ideal reference point was chosen as the best compromise point. Table 5 presents the corresponding weights of the optimization technique and the real values of the objectives. The range of the weights shows that all of the three objectives are involved efficiently in the process of optimization for the best compromise point. Figure 8 gives a good insight into the variation of the skin mass versus different combinations of number of stringers and unit cells for their corresponding best compromise point. The exact value for the minimum mass of skin for each configuration of stringers and unit cells are shown in Fig. 8 . For each number of stringers the maximum mass of the skin occurs with the minimum number of unit cells.
Figure 8 Variation of the mass of the skin for different configurations of stringers and unit cells
Moreover after collecting all the best compromise points corresponding to all the configuration of FishBAC stringers and corrugation unit cells, the design decision was made by use of repeating the process of finding the best compromise points among the collection in a normalized space of objectives. Figure 9 shows the trend and the projection of the best compromise points for the entire configuration of stringers and unit cells. The decision point of the best design is highlighted as red.
Figure 9
Optimized objectives for different configurations Table 2 . Hence the optimization algorithm has selected the lower bound for the thickness of the corrugated core mainly to reduce the weight of the structure. The other interesting point is that for all cases the height of corrugation is selected equal to the upper bound values and for the parameter 2 a close to its lower bounds value. This implies that increasing the height of the corrugation gives a higher ratio of bending stiffness to tensile stiffness. In other words the algorithm has tried to maximize the angle of corrugation as showed in Fig. 3(c) . In this case the  calculated as 
IV. Further Considerations
Increasing thickness of the skin of the airfoil allows the skin to resist more pressure caused by the airflow and increases the critical buckling load due to the morphing actuation. In other words the thicker skin allows the FishBAC structure to have fewer stringers with smaller length. However the problem is that increasing the thickness of the skin increases the tensile stiffness of the skin which requires more force to actuate the airfoil. Moreover it increases the mass of skin, whereas the mass reduction of the stringers is negligible.
Two important advantages of applying a corrugated skin rather than simple elastomeric coatings to the FishBAC are firstly, the possibility of using a compatible corrugated skin with more height (thicker corrugated skin) that increases the bending stiffness of the skin without increasing mass of skin significantly in comparison to a simple elastomeric skin. Secondly, considering the mechanism of deformation in the corrugated core, the corrugated skin with more height decreases the in-plane tensile stiffness of the panel that results in a smaller actuation force required for morphing deformation. This structural advantage of a corrugated skin provides the possibility of having fewer FishBAC stringers which reduces the weight of the structure.
To show this point, three models of the FishBAC with different numbers of stringers (n s = 3, 7 and 15) were modelled in ABAQUS. Two configurations for each number of stringers were modelled with different heights of corrugated skin, namely 2.5 and 5mm. The parameters 1 a , 2 a and 3 a which define the shape of the trapezoidal corrugation unit cell (as in section 2-1) were set equal to 1.667mm for both thin and thick skins. The material properties were selected as those described in Section 2-1. A displacement boundary condition of 54mm transverse to the chord direction was applied to the tip of the trailing edge of the FishBAC in each model. Table 7 presents a comparison of the stiffness resisting the actuation of the FishBAC with thin and thick corrugated skins for three different configurations of unit cells and stringers. Figure 10 shows two models of FishBAC with three stringers and eight unit cells between stringers, for the thin skin and the thick skin. The thicker skin allows the designer to reduce the number of FishBAC stringers and increase the distance between stringers while decreasing concerns for buckling in the lower skin, as seen in Fig. 10 . This results in reduced structural weight and decreased structural stiffness under actuation loads, thereby reducing actuation requirements. 
V. Design Overview
Considering the design limitations of manufacturing facilities and design objectives of reducing the weight and actuation energy, as well as increasing the manoeuvrability of the assembled structure, the geometry and material properties of internal structure and skin are parameterised and optimized. In order to design and manufacture the FishBAC with the optimized coated corrugated skin, a preliminary investigation on different geometries and material properties of both the internal structure and the skin is performed. An outline of the necessary geometric parameters and material characteristics are introduced and a finite element simulation is performed to check the design objectives.
In order to allow for experimental characterization of the mechanical and aerodynamic performance of the FishBAC with a coated corrugated skin, a prototype test article was built [4] . An overview of the geometric parameters of the FishBAC prototype is presented in Table 8 . The thicknesses of the corrugated core and elastomer skins were set as 0.18 mm and 0.51 mm, respectively. Figure  3 (C) shows a schematic of the corrugated core unit cell and the corresponding values of parameters are presented in Table 6 . The Young's modulus and Poisson's ratio of the FishBAC material were assumed to be 2.14 GPa and 0.3.
These values are in range of the material properties of the previous manufactured FishBAC [4] . Based on the research mentioned in the literature, the corrugated cores are expected to be made of three-plies of woven glass fibers with epoxy resin. Some of the benefits of fiber glass are their relatively low price, high tensile strength, high chemical resistance and good insulating properties [15] . In terms of mechanical properties, composites with epoxy resin can replace metal parts such as steel in aerospace and industrial applications and they often perform better than the metal components. High adhesion, good resistance to fatigue and moisture penetration are some of the attractive mechanical properties of epoxy resin [16] . The equivalent material properties of the investigated prepreg are given in Table 2 .
The upper and lower skins of the sandwich panel will be polyurethane elastomer. The behavior of elastomers are very complex; on the macroscopic scale, they usually behave initially as elastic and isotropic but become anisotropic at finite strain as the molecule chains tend to realign to the loading direction [17] . Some of the characteristics of this class of polymers are their low density of cross-links [18] as well as their ability to undergo large elastic deformations without long-lasting changes in shape. In other words the elastomers show hyper elastic behaviour. Abrasion resistance, resilience, flame retardance and UV light resistance are other characteristics of the elastomers [19] . The Young's modulus of the investigated elastomer is estimated to be 10 MPa.
The geometry and material property of the FishBAC and coated corrugated skin were modelled as described before. Beam elements were assigned to the assembled structure to simulate the mechanical behaviour of the morphing wing. A fine mesh and large deformation analysis were considered to capture detailed deformations. In terms of actuation force, as presented in [4] , the system of pulley and tendons caused a moment on the rigid part at the end of the trailing edge. Figure 11 illustrates the required actuation moment versus the tip displacement of the trailing edge. In terms of boundary conditions the nodes on the leading edge section were fixed. Figure 11 Actuation moment-displacement behaviour of the structure independent of aerodynamic loads Figure 12 shows both deformed and undeformed configurations of the FishBAC with and actuation moment illustrated in Fig. 11 . The important issue to mention here is the interaction of the structural behaviour of the corrugated skin and the FishBAC spine and stringers. As the height of the corrugated skin increases and considering the other dimensions of the unit cell such as the thickness of the core, higher stresses and strains are present in the skin rather than the FishBAC spine. Hence a full optimization is needed which considers the assembled FishBAC with the corrugated skin in terms of both geometry and material properties. 
VI. Conclusion
In this paper the force displacement curves for reentrant, trapezoidal and rectangular corrugated cores with and without elastomeric coating were investigated in tensile and bending simulations. Comparing the results allowed the selection of the best corrugation configuration with regards to morphing skin applications. The geometric parameters of the coated trapezoidal composite corrugated panels were then optimized to minimize the in-plane stiffness and the mass of skin and to maximize the out-of-plane stiffness skin.
A finite element code for beam elements was written in MATLAB to calculate the equivalent tensile and flexural stiffness of coated corrugated panels. The aggregate Newton based method was used to perform the multi-objective optimization for different configurations of FishBAC stringers and corrugated unit cells. Moreover, the variation in the mass of the optimized skin versus different configurations of stringers and unit cells was investigated. The normalized optimum Pareto surface and its projection on three planes of the objective function space were investigated. The weight distribution in the aggregate method optimization corresponding to the dominant objective functions was explained.
The best compromise point on the Pareto surface was selected by first identifying the ideal reference point with the minimum objective values and choosing the point that had minimum distance to the ideal reference point as the best compromise point. The variation of the skin mass versus different combinations of number of stringers and unit cells for their corresponding best compromise point was discussed and it was shown that for each number of stringers the maximum mass of skin occurs with the minimum number of unit cells. Collecting all of the best compromise points corresponding to all of the configurations of FishBAC stringers and corrugation unit cells, the design decision was made by repeating the process of finding the best compromise point among the collection in the normalized space of objective functions. The trend of parameters and their distance to their corresponding upper bounds and lower bounds showed that the algorithm has maximized the angle of the corrugation as showed in Fig. 3(c) . In other words,  was calculated to be about 79.2 degrees.
The important advantages of using a corrugated skin rather than simple elastomeric coatings on the FishBAC were also discussed. Using a compatible corrugated skin with more height increases the bending stiffness of the skin to resist more pressure caused by the airflow and buckling forces due to morphing actuation. It was also shown that the corrugated skin with more height decreased the in-plane tensile stiffness of the panel that results in a smaller actuation force required for morphing deformation. The structural advantage of a corrugated skin provides the possibility of a smaller number of FishBAC stringers which reduces the weight of the structure.
